A set of single nucleotide polymorphism ͑SNP͒ markers has been developed for each of the nine linkage groups of sugar beet. Each set can monitor the polymorphic state at five to six linked marker loci. In each set, the loci selected for marker development are first amplified in a multiplexed reaction. These amplification products are the basis for sequence-specific elongation of primers adjacent to SNP positions. The extension step revealing SNP loci is based on fluorescently labelled nucleotides. In each set, primers developed to reveal SNP alleles differ in length to allow clear peak resolution in capillary electrophoresis. The nine linkage group ͑LG͒ Ϫ specific sets provide information on the polymorphism at a total of 52 SNP marker loci. Using the SNP-based tool, groups of concerned loci have been anchored to three different linkage maps of sugar beet. In a second experiment, sugar beet breeding lines have been fingerprinted. The use of the nine sets of LG-specific markers in sugar beet genetics and breeding is discussed. The information necessary to specify the 52 marker loci, as well as their map location, and all details concerning SNP assays, including allele type and nature of mutation, are reported.
Introduction
Molecular tools supporting sugar beet breeding have been developed particularly in Europe, where this crop is the major source for sucrose production. Currently, they mainly consist of dense molecular linkage maps based on RFLP, RAPD and AFLP markers, to which several expressed genes and few mutants have been associated ͑Barzen et al. 1992; Barzen et al. 1995; Schumacher et al. 1997; Schneider et al. 1999; Schneider et al. 2002; Hunger et al. 2003͒ . Additionally, large insert libraries of YAC and BAC clones are available, and positional cloning was implemented to identify a gene conferring resistance to nematodes ͑Cai et al. 1997; Hohmann et al. 2003͒ . QTLs for disease resistance traits, as well as sucrose quality and yield, were located on the genetic map, and candidate genes to be used in marker-assisted selection have been proposed ͑Schneider et al. Hunger et al. 2003͒ . So far, genotyping in sugar beet was performed by RFLP filter hybridization and PCR-based RAPD, AFLP, CAPS and SSCP analyses using agarose and native polyacrylamide gels. However, increasing demand for determining single Men-delian factors or QTLs affecting monogenic or polygenic traits of agronomic importance necessitates the development of high throughput marker systems offering high accuracy for genotyping. Additionally, there is a need for DNA fingerprinting in plant breeding to identify unknown genotypes, protect intellectual property and test for seed purity. This is why the possibility of using a very abundant class of molecular markers, single nucleotide polymorphisms ͑SNPs͒, in sugar beet was raised in a recent paper ͑Schneider et al. 2001͒ . In the sugar beet genome, SNPs were found at a rate of one every 130 base pairs, which corresponds to at least 5.4 ϫ 10 6 heterozygous SNP loci when random crosses among currently used genotypes are considered. SNPs are genetically stable and codominant, and their analysis is amenable to partial or full automatization, thereby reducing significantly genotyping cost. Their potential in crop genetics and plant breeding has been reviewed by Rafalski ͑2002͒. To visualize the SNP alleles several technological platforms relying on chip hybridization, enzymatic cleavage, ligation assays or primer extension assays using fluorescence detection or mass spectrometry are available ͑reviewed in Syvanen 2001͒ . Based on such premises, a project was started to provide sets of SNP markers specific for each of the nine linkage groups ͑LGs͒ of sugar beet. Genetically defined loci were selected for SNP marker development based on comparative DNA sequencing in a group of sugar beet breeding lines. Groups of five to six markers per LG were assembled, multiplexing both the initial marker locus amplification and the SNP scoring step. Scoring of the SNP alleles was performed by the primer extension-based SNaPshot TM -minisequencing procedure ͑Applied Biosystems, Foster City, CA, USA͒. The paper presents results obtained by the multiplex SNP marker sets ͑1͒ to establish a marker framework in two previously uncharacterized F2 mapping populations, and ͑2͒ to determine the genetic relationships between different sugar beet breeding lines. Further applications of the LG-specific SNP multiplex marker sets are discussed.
Materials and methods

Plant material and DNA
The plant material was developed by the breeding companies KWS SAAT AG, Einbeck, and STRUBE-DIECKMANN, Sülbeck. Genomic DNA of three different F2 populations ͑K1, K2 and D2͒, as well as of their parental and F1 genotypes was available. The K2 population was formerly described as the population 618 by Schneider et al. ͑1999, 2001 . The KWS SAAT AG provided also 24 different sugar beet breeding lines.
Generation of PCR primers and singleplex PCR amplification
STS primers were designed on the basis of sequenced RFLP probes developed by Barzen et al. ͑1992, 1995͒ and indicated with the marker IDs MP0002, MP0018, MP0038, MP0057, MP0059, MP0075, MP0081, MP0094, MP0098, MP0111, MP0117, MP0155, MP0167, MP0168, MP0176 in Table 1 . All other primers were adopted from Schneider et al. ͑1999, 2001 . PCR amplification was performed with 50 ng genomic DNA as template in a total volume of 25 l containing 0.2 mM dNTPs, 2mM MgCl 2 , 0.4 M of each primer ͑Invitrogen, Karlsruhe, Germany͒ and 0.5 U of Taq DNA polymerase in the reaction buffer provided by the manufacturer ͑Invitrogen, Karlsruhe, Germany͒. PCR samples were amplified using the following protocol: initial denaturation for 15 min at 95°C, 36 cycles of 1 min at 94°C, 1 min at 56-60°C, 2 min at 72°C and a final extension step for 10 min at 72°C.
Multiplex PCR amplification
Five to six different PCR products were amplified in the same reaction volume of 10l using the Qiagen® Multiplex PCR Kit ͑Qiagen, Hilden, Germany͒ with 30 ng genomic DNA as template containing 0.1 M of each primer in the multiplex PCR buffer including dNTPs, 6 mM MgCl 2 and HotStartTaq® DNA Polymerase. The amplification conditions were the same as in the singleplex PCR reaction, with the annealing temperature set to 56°C in all cases.
Purification and sequencing of PCR products
Unincorporated dNTPs and primers were removed from the PCR assays using the ExoSAP-IT ͑Exonu-clease I/ Shrimp Alkaline Phosphatase enzyme mixture, USB, Cleveland, Ohio͒ according to the protocol provided. Single PCR products amplified from the parental lines of the three mapping populations were then sequenced by the MPIZ DNA core facility on 
a: Barzen et al. 1992 , b: Barzen et al. 1995 , c: Schneider et al. 1999 , d: Schneider et al. 2001 , e: Schneider et al. 2002 , f: Hunger et al. 2003 ; ": RFLP marker, ᮡ: marker developed from expressed gene related to carbohydrate metabolism and yield, *: marker developed from expressed RGA.
Applied Biosystems ͑Weiterstadt, Germany͒ ABI Prism 377 and 3700 sequencers using Big Dye terminator chemistry. Premixed reagents were from Applied Biosystems. Accession numbers of one reference sequence to each marker locus are listed in Table 1 .
Multiplex SNaPshot TM reaction, purification and electrophoretic separation
The SNaPshot TM primer extension reaction was performed using 3 l ExoSAP-IT treated multiplex PCR product as template in a total volume of 10 l containing 0.25 M of each primer and 0.5 l of the Ready Reaction Mix including ddNTPs and AmpliTaq®DNA polymerase. The primers were developed according to the instructions provided by Applied Biosystems. Their length varied from 24 to 56 nucleotides ͑nt͒ with a difference of 6 nt to each other within the same multiplex. The complementary region in the amplified target locus had a size of 24 to 30 nt ͑see Table 2͒ . To increase primer length up to 56 nt, non-homologous poly ͑dA͒ or poly ͑dGACT͒ tails were added ͑see Table 2͒ . Only HPLC purified primers were used for the analysis. The following amplification protocol was applied: 25 cycles of 10 sec at 96°C, 5 sec at 50°C and 30 sec at 60°C. After the extension reaction, the products were purified with 1 U CIP ͑Calf Intestinal Phosphatase, New England Biolabs, Frankfurt, Germany͒ for 1 h at 37°C, followed by an enzyme deactivation step of 15 min at 75°C. One l of the purified samples was loaded in 19 l LiChrosolv water ͑Merck, Darmstadt, Germany͒ mixed with 0,2 l GeneScan-120 LIZ size standard, denatured for 5 min at 94°C and immediately moved to ice. Finally, reaction products were separated by capillary electrophoresis on an ABI Prism 310 sequencer using POP4 polymer at 60°C for 16 min.
Data analysis
Primer design and DNA sequence alignments were performed using the GCG software ͑Genetics Computer Group, University of Wisconsin at Madison, version 10.2͒. With the same program, extension primers were tested for possible extendable hairpin structure and dimer formation between primers. Capillary electrophoresis data were recorded at a detection level of E5 50/100 and normalized by the GeneScan analysis software, version 3.1. GeneScan data were analysed with the Genotyper 3.7 NT software. In heterozygous samples, peaks smaller than 10 % of the peak of the alternative allele were discarded from the analysis. The SNaPshot results of 24 different sugar beet breeding lines, together with parents and F1s of the populations D2, K1 and K2, were analysed with the TREECON software version 1.3b ͑Van de Peer and De Wachter 1994͒ to determine genetic distances based on marker data using the algorithm of Nei and Li ͑1979͒. A phylogenetic tree was constructed employing the UPGMA algorithm. Data were resampled 1000 times providing a bootstrap analysis. Linkage analysis was carried out with JoinMap software version 2.0 ͑Stam 1993; Stam and Van Ooijen 1995͒ . Eighty-five previously published markers ͑Schneider et al. 1999 Hunger et al. 2003͒ , as well as segregation data on 128 unpublished markers ͑Schneider et al., unpublished͒, were included for the map construction in the three populations D2, K1 and K2. Linkage groups were drawn using MapChart software version 2.1 ͑Voorrips 2002͒ and assigned to chromosomes according to Butterfass ͑1964͒ and Schondelmaier and Jung ͑1997͒.
Results
Amplification of selected linkage group-specific marker loci
Starting from a total of 196 available RFLP-͑Barzen et al. 1992 and PCR-based markers derived from ESTs ͑Schneider et al. 1999 Hunger et al. 2003͒ , a group of markers was considered for each chromosome, to be eventually converted into a single set of LG-specific SNPs. Criteria to choose the marker loci were ͑1͒ their homogenous distribution along the linkage map, ͑2͒ a high degree of polymorphism in representative breeding lines, and ͑3͒ the possibility to multiplex the markers for PCR amplification and primer extension. For all markers, PCRbased assays were established, and a pre-screen based on SSCP was performed to identify polymorphisms between the parental lines of three mapping populations. Markers showing more than one allele in this panel were selected, and the DNA sequence of alleles of the parental genotypes was determined for these markers. Among these loci, 27 anonymous RFLPs and 25 expressed genes, of which 20 encode gene products potentially affecting carbohydrate metabolism and five show similarities to resistance gene analogues ͑RGAs͒, were finally assembled into the LG-specific multiplex marker sets. Table 1 summarizes the details on the marker sets, in which for each linkage group from five to six SNP marker loci are available. References to the source of linkage data are given for each specific marker; accession numbers of the DNA sequence representing the chosen loci are listed, and information concerning amplification primers and length of genomic PCR products is provided. Multiplex assays were optimized to allow the simultaneous amplification of the complete set comprising five to six marker loci per LG in a single reaction. Successful amplification was monitored for random samples in agarose gels. An example of this experimental part is reported in Figure 1 revealing the multiplex PCR products for three linkage groups in four genotypes each. Discrete bands are recognized in each lane corresponding to locus-specific PCRamplified products. The experiment was considered positive when the predicted number of amplified products with the correct size was actually present for each marker set and when amplicons could be distinguished according to their size. The procedure which has been developed allows to carry out this preliminar PCR amplification reaction simultaneously for six loci of linkage groups 2, 4, 5, 6, 7, 8 and 9 and for five loci of linkage groups 1 and 3. Differences between the same band present in different genotypes, reflecting different alleles, were predicted to be found and used for SNP analysis.
Development of primers and conditions for multiplexing LG-specific SNP assays
The amplification products described in the previous section represented the basis for a further step of amplification involving the sequence-specific elongation of a primer adjacent to an SNP position. The technique chosen to reveal SNP alleles is based on primer extension by fluorescently labelled nucleotides ͑SNaPshot TM , Applied Biosystems, Foster City, CA, USA; see also material and methods͒. Table 2 reports details necessary to characterize the 52 genetic marker loci revealed in the frame of this SNP analysis. Similar to what was done to amplify the selected marker loci, also the single nucleotide extension was multiplexed starting from the pool of PCR products representing a set of linkage group-specific loci. A good resolution of fluorescent primer extension products by capillary electrophoresis was considered important. To this end, oligonucleotides created to reveal SNP reactions had lengths varying between 24 to 56 nucleotides. A further problem, which specifically affects multiplex assays, concerns primer dimer formation. Therefore, care was taken that all the extension primers of one multiplex set had no long homologous regions that could result in dimer formation. Thirty of the 52 SNP primers showed no putative hairpin structure according to secondary structure analysis. The remaining 22 extension primers allowed one to three possible stem loop formations with a minimal stem length of 6 bp and a loop size between three and 20 nucleotides. In these cases, no other primers were found to avoid potential secondary structure formation.
After primer extension, the labelled SNP primers were separated by capillary electrophoresis according to their size. The position, quality and quantity of the fluorescent signals were recorded by a laser beam and processed by genotyper software to produce genotyping results in the form of the example given in Figure  2 .
To compensate weak signals, as initially recorded for the alleles of the markers MP0038 and MP0059, the peak detection level was lowered to E5 20/50. Under these conditions, genotyping results could be reliably evaluated.
All SNaPshot primers of the nine LG-specific multiplex sets produced results in the analyses of 30 sugar beet breeding lines with the exception of MP0044, MP_oec and MP0068 ͑Table 3͒. These primers were, however, successfully used in genotyping F2 populations ͑Figure 3͒. On the other side, for the six SNP loci MP0167, MP0132, MP0117, MP0019, MP_aep and MP0015, genotyping in F2 populations failed repeatedly, and segregation data obtained by other mapping techniques had to be substituted in these cases ͑Figure 3͒. Although PCR products were present, no or only very weak fluorescence signals were obtained after capillary electrophoresis for MP0132, MP0117 and MP0015. In these cases, lowering the detection level to E5 20/50 had no effect on peak detection. Four of the nine primers failing reliable SNP scoring showed one possible hairpin structure: MP0068, MP0132, MP0019 and MP_aep. Nevertheless, all SNP assays produced results in either the segregation analyses or in the DNA fingerprinting experiment; some primers with predicted hairpin structures were even successfully used in both experiments. We conclude that under the conditions chosen, the formation of secondary structures is not a predictive reason for unreliable SNP detection results.
Accuracy of the SNaPshot method was scrutinized by comparing the results of the K1 and K2 population to the already known segregation data obtained by other techniques like SSCP. Data of seven markers were verified in population K1, and 32 in population K2. The segregation data of four markers showed a deviation between 5 to 8 % from the predicted one. In general, the comparison revealed a high accuracy of most of the 39 segregation analyses, with an average error rate of lower than 5%.
Anchoring the 52 SNP loci to three molecular linkage maps
The linkage map K2 is based on 108 F2 plants which were also available to this study ͑Schneider et al. LGs; black arrows refer to markers mapped directly in K2, and grey arrows point to the most likely position inferred from other populations. In addition to the LG-specific SNP markers, 85 known loci were assigned to the three maps. The positions of further 128 loci are indicated, but not displayed. Continued.
2002; Hunger et al. 2003͒ . The nine sets representing the linkage groups of sugar beet were also evaluated in two further mapping populations which include segregation data of known and yet unpublished loci to support the marker framework ͑Schneider et al., unpublished͒. Figure 3 reports positions of the 52 SNP marker loci in the new populations. Relative positions of markers are maintained in the two new maps compared to K2. Out of the five to six SNP LG-specific markers, 3.8 markers segregated on average simultaneously in the same mapping population. This proved sufficient to identify unambiguously all nine linkage groups in the two new populations. Additionally, due to the presence of two to six segregating markers for 17 out of 18 linkage groups of the two new maps, the orientation of the linkage group with respect to the marker order was possible. Table 3 summarizes the information on the allelic state at the 52 marker loci considered. With three exceptions, only two alleles were found to be present at each marker locus. The three exceptions revealed the presence of three alleles. In Table 3 , allele A has been always assigned to the most frequent genetic variant.
DNA fingerprinting of sugar beet breeding lines using the multiplex SNP marker sets
In the previous section, it was shown that the nine sets of SNP markers help in LG mapping. Not all of the SNP loci present in the sets, of course, were supposed to be polymorphic in all crosses among sugar beet lines. Because of this, their mapping potential was lower than 100%, with 100% corresponding to the mapping of all 52 marker loci. To estimate the degree of polymorphism of the SNP-based marker sets, allelic frequencies for 49 out of 52 markers were determined in 30 different sugar beet genotypes. In addition, the polymorphism information content values, PIC ͑Anderson et al. 1993͒, were calculated ͑Table 3͒. With rare exceptions, one of the SNP alleles out of those revealed for each locus prevailed largely on the others. On average, the most abundant allele displayed a frequency of more than 70%, followed by the second most frequent allele occurring in 29% of all cases and, in rare cases, by a third.
The calculated PIC-values ranged from 0.16 to 0.57, with an average value of 0.39. Considering a population of individuals, these values correspond to the heterozygosity index of Nei ͑1987͒ which is based on the same algorithm ͑Schneider et al. 2001͒. The average value of this index describes, accordingly, the average proportion of heterozygous individuals per locus in a panmictic population as well as the expected proportion of heterozygous loci in a randomly chosen individual. In a random sample of inbred lines, the index describes the proportion of crosses among the same lines which will be heterozygous at a given locus.
The same set of SNP data concerning 30 sugar beet genotypes was analysed by a tree building method based on genetic distances calculated from SNP marker data transformed into a 0/1 matrix ͑Van de Peer and De Wachter 1994͒. The phylogenetic tree of Figure 4 indicates that the anchor sets of SNP markers, although monitoring only five to six genetic loci per chromosome, were capable to differentiate all 30 genotypes from each other, including the lines K1P1, K1P2, K2P1, K2P2 and D2P2 used to construct the populations K1, K2 and D2.
Discussion
Development of multiplex SNP marker sets
Multiplex LG-specific SNP marker sets were developed and evaluated in LG-mapping and fingerprinting. The procedure involves ͑1͒ the simultaneous PCR amplification of five to six target loci and ͑2͒ the simultaneous detection of SNP alleles using capillary electrophoresis and fluorescence measurements. The procedure exceeds the SNaPshot protocol of Makridakis and Reichardt ͑2001͒, which describes initial amplification and primer extension for a maximum of four SNPs simultaneously. It is also more efficient than the protocol of Törjék et al. ͑2003͒, in which multiplexing is limited to the primer extension step. Our semiautomated procedure minimizes the number of pipetting steps and therewith the risk of human error. It provides the basis for accurate genotyping in high throughput using multiple capillaries in parallel.
Versatility of multiplexed SNP marker systems
Previously, mapping systems such as multiple marker lines with visible phenotypes, as known from Arabidopsis thaliana ͑Koornneef et al. 1987͒, were used to assess the genotypes at a group of markers in a single step. However, working with multiple marker lines involves the construction of plant populations which is labour intensive and time consuming. At the molecular level, multiplexed simple sequence repeat ͑SSR͒ markers have already been developed for a number of crops such as rape ͑Mitchell et al. 1997͒, soybean ͑Narvel et al. 2000͒, cotton ͑Liu et al. 2000͒ and sunflower ͑Tang et al. 2003͒ . SSR markers are well established in forensic, clinical, animal and plant research to scan the genome at known loci. They are very polymorphic having numerous alleles per microsatellite locus. In sunflower, the minimum, average and maximum heterozygosity of the multiplexed markers were 0.38, 0.62 and 0.83, respectively. However, the development of SSR markers is a lengthy process. Additionally, it was shown that SNPs are more abundant than SSRs, thus enabling the generation of a molecular marker at nearly any given site of the genome. SNP markers can not only be analysed electrophoretically, but also in a hybridization-based format using oligo chips ͑reviewed in Syvanen 2001͒. This enables the multiparallel analysis of a virtually unlimited number of loci, whereas multiplexing SSR markers is limited by a size separation step. The potential of automating SNP marker analysis reduces labour and cost to a minimum. Moreover, the addition of further marker loci easily compensates for the comparatively reduced PIC-values of SNPs. The mean PIC-value of 0.39 determined here for SNPs ͑Table 3͒ is, as expected, lower than 0.47, the average PIC-value of sugar beet markers analysed by SSCP and heteroduplex analysis ͑Schneider et al. 2001͒, but it is still higher than the PIC-values for AFLP, RAPD and RFLP markers in soybean ͑Powell et al. 1996͒, again indicating the power of SNP mapping. We would also like to stress that the molecular information provided in this paper can easily be adapted and exploited in any other technological platform for SNP detection. 
Applications of multiplexed SNP marker sets in the analysis of segregating populations
Rapid genotyping is a necessity for screening a large amount of DNA samples in a limited time. This is, for example, the case when a phenotypic trait is mapped at high resolution in a large population of individuals. A multiplex SNP marker set of selected linked loci will support rapid and reliable identification of recombination events.
To render the molecular analysis of unrelated traits in a species more efficient a two-step procedure was presented by Roig et al. ͑2004͒ for barley. First, markers linked to the phenotypic traits are identified by rapid AFLP genotyping, and then the predictive markers are anchored to a dense map of the genome allowing the precise localization of the genetic locus. In this context, multiplexed LG-specific SNP markers are a valuable tool for anchoring unknown markers to linkage groups.
A further process, which requires rapid repetitive genotyping, is the construction and evaluation of near isogenic lines ͑Tanksley 1989͒ to determine the function of a defined fragment of foreign DNA in an otherwise identical background. For this purpose, specific sets of multiplexed SNP markers could accelerate the routine characterization of lines.
Use of multiplexed SNP markers in marker-assisted selection based on specific haplotype-trait associations
Recently, the existence of robust intragenic haplotypes was revealed in sugar beet ͑Schneider et al. 2001͒ . This corresponds to the finding that the alleles of a number of linked SNP loci are inherited together defining, on average, from two to four haplotypes per sugar beet gene. In general, one to three SNPs should be sufficient to discriminate between all haplotypes of a locus. The association between a specific haplotype and a phenotypic class has already been demonstrated for the dwarf8 locus of maize ͑Thornsberry et al. 2001͒, for six maize genes of the starch metabolism influencing kernel quality ͑Whitt et al. 2002͒, and for five DNA markers diagnostic for late blight and plant maturity in potato ͑Gebhardt et al. 2004͒. Using predictive SNP alleles of candidate genes in the multiplex format for rapid genotyping, superior lines can be efficiently selected for further breeding.
The protocol developed for multiplexing LG-specific SNP markers is available for adaptation to any of the goals of plant genetics and breeding. For the majority of crop plants, the generation of a tool like the one presented here opens a new era of genotyping which will speed up the development of superior crops.
